Abstract Processing natural language instructions for execution of robotic tasks has been regarded as a means to make more intuitive the interaction with robots. This paper is focused on the applications of natural language processing in manipulation, specifically on the problem of recovering from the instruction the information missing for the manipulation planning, which has been traditionally assumed to be available for instance via pre-computed grasps or pre-labeled objects. The proposed approach includes a clustering process that discriminates areas on the object that can be used for different types of tasks (therefore providing valuable information for the grasp planning process), the extraction and consideration of task information and grasp constraints for solving the manipulation problem, and the use of an integrated grasp and motion planning that avoids relying on a predefined grasp database.
Introduction
Teaching and interacting with robots is shifting from being a highly specialized task requiring specific knowledge, to a more natural interaction that allows agnostic users to instruct the robot in the same way as they would instruct a human apprentice. Such capability requires the ability to process natural language (NL) instructions coming from a human. For instance, a simple instruction like "Bring me a glass of water" requires a decomposition into a set of simpler subtasks (look for the glass, pick it up, verify if it already contains water, go to the faucet, open the faucet, pour water onto the glass, close the faucet, move the glass to an inferred goal position), and in turn each
Institute of Robotics and Mechatronics, German Aerospace Center (DLR), 82234 Wessling, Germany e-mail: {Bao-Anh.Dang-Vu,Oliver.Porges,Maximo.roa}@dlr.de http://www.robotic.dlr.de one of the subtasks requires inferring the objects involved in the action (glass, faucet), and the required action (pick up, hold, open, move) . Environmental constraints are tacitly embedded into the instructions; for instance, if the glass already contains water, then the instruction is simply translated into a pick and place command.
To successfully execute the tasks, the robot must be able to recognize the objects in the environment, and infer and understand the spatial relations between them. For instance, if the glass must be filled with water, the robot should recognize that it needs to go to the kitchen, a physical location in a home environment [10] . Physical spaces define then a subproblem of navigation, which can also be modified via spatial constraints as in "do not go to the toilet", or "stay away from the stairs". Prepositions embedded into the NL are often used to express these spatial relations, and have been considered either through predefined, hard-coded models of relational primitives, or through probabilistic inference of the spatial meaning that they enclose [14] . Typical spatial prepositions include, among others: to, from, along, across, through, toward, past, into, onto, out of, and via. Learning and probabilistic reasoning have been also used, for instance, for the grounding and semantic interpretation of phrases that lead to the definition of navigational paths for service robots [4] , or for the creation of an extended vocabulary for tabletop manipulation scenarios [6] .
Natural instruction of robotic manipulation problems has become an active research topic. Typical everyday activities for humans involve a large amount of inferred and possibly hidden knowledge about the way the activity should be performed, what objects are required to solve a specific task, the relation between them, and the affordances that each one of those objects allows [10] . Several works have tackled the grounding of NL commands to robot instructions for these cases. The concept of Probabilistic Robot Action Cores (PRAC) was introduced to encode action-specific knowledge in a probabilistic knowledge database, which helps to solve ambiguity and underspecification of the NL commands [10] . Inclusion of environment and task context and variation of language has also been considered by learning from example sequences performed in an online simulated game [9] . There, a learning model based on an energy function that encodes the validity of pre-and post-conditions, length of the instructions and consistency, was used to translate sequences of NL commands into sequences of instructions appropriate for the environment and task at hand. Learning the spatial semantics of manipulation actions can also be obtained through the analysis of the evolution of spatial relations between objects [15] . This paper is also focused on the problem of performing manipulation tasks with instructions given in natural language (Fig. 1) . Different to previous works, our aim is to exploit the information contained in the NL expression to deduce the appropriate constraints for simple skills, in this case grasping and manipulating an object. For instance, if the object is an electric driller, a user could specify a pick and place action on the object, which only requires a stable grasp on it, or could suggest drilling a hole on some other material, which necessarily translates into constraints for grasping and activating the object to perform the intended task. Therefore, given a NL expression we parse the sentence and exploit its syntactical structure to determine actions and semantic relations between the objects. Actionspecific knowledge is extracted from the instruction, not only to deduce the current
